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Cells and their organelles are enclosed by lipid bilayers and the lipid composition of either side of these membranes is controlled by active transporters (flippases and floppases) and passive scramblases, which equilibrate lipids between the membrane leaflets 1 . Many lipids are synthesized on the cytoplasmic side of the endoplasmic reticulum (ER) membrane which, unlike the plasma membrane (PM), has a symmetrical lipid distribution, suggesting a role for scramblases in the ER. To date, specific ER scramblases have not been identified and characterised. The ten members of the TMEM16 scramblase/channel family of integral membrane proteins show a surprising diversity of function, being either Ca 2+ -activated chloride channels (TMEM16A and B) [2] [3] [4] , or Ca 2+ -activated lipid scramblases with nonselective ion channel activity (TMEM16C, D, F, G and J) [5] [6] [7] [8] . While some members of the family (A,B,F) reside in the plasma membrane, others, including TMEM16K 9 may function in intracellular membranes. TMEM16K is a widely distributed 10 , but relatively unstudied member of the TMEM16K family. Truncations and missense variants of TMEM16K (ANO10) are associated with the autosomal recessive spinocerebellar ataxia SCAR10 11, 12 (as known as ARCA3 [13] [14] [15] or ATX-ANO10 16 ). SCAR10 causing cerebellar ataxia, epilepsy and cognitive impairment with cerebellar atrophy noted on MRI brain and coenzyme Q10 deficiency found in muscle biopsy, fibroblasts and cerebrospinal fluid 11, 12, 17, 18 . Some patients also have epilepsy and cognitive impairment 13, 14 . Knockout studies in Drosophila 19 and mice 20 have suggested that loss of TMEM16K homologue function affects spindle formation 19 , Ca 2+ signalling 20 and apoptosis 19, 20 .
Structural studies have gone some way towards explaining how TMEM16 family members function as channels or lipid scramblases. The crystal structure of the Nectria haematococca TMEM16 (nhTMEM16), a fungal lipid scramblase with non-selective channel activity, revealed a dimer arranged in a bi-lobal 'butterfly' fold, with each subunit containing a two Ca 2+ ion binding site and ten transmembrane (TM) helices 21 . Each monomer has a 5 hydrophilic, membrane-spanning groove that provides a route for lipid head groups to move across membranes. Molecular dynamics simulations subsequently confirmed this lipid scrambling mechanism in silico 22, 23 . Structures of the mouse TMEM16A chloride channel revealed an alternative conformation, with two groove-associated transmembrane α helices blocking the top of the scramblase groove, forming a closed pore [24] [25] [26] .
Although patho-physiologically important, TMEM16K remains a poorly-characterized member of the TMEM16 family, as its cellular localization, function, regulation and structure are largely uncharacterised. Here we show that TMEM16K is an ER-resident calcium-activated lipid scramblase. We present structures of TMEM16K solved by both X-ray crystallography and cryo-electron microscopy, revealing a classic scramblase fold 21 , with extensive conformational changes propagated from the cytoplasmic to the ER face of the membrane, which lead to opening or closing of the lipid transporting groove. We use MD simulations to confirm that in TMEM16K the open groove conformation is necessary for scramblase activity.
We also investigate the role of Ca 2+ -ion binding in conformational changes in TMEM16K.
Results

TMEM16K is an ER resident lipid scramblase
To test whether TMEM16K resides in intracellular membranes 27 we explored its location in HEK293T cells using confocal microscopy. Under overexpression conditions, we saw nearly complete colocalisation between GFP-labelled TMEM16K and ER membranes stained with concanavalin A (Fig. 1a) . Conversely, we saw little overlap in cells whose plasma membranes were stained with wheat germ agglutinin (Fig. 1b) . We concluded that even under overexpression conditions TMEM16K is primarily confined to the ER in transfected cells. To test whether the small fraction of PM-resident TMEM16K functions as Ca 2+ -dependent ion channel we measured the whole-cell currents in HEK293T cells expressing TMEM16K in the 6 presence of either 300 nM or 80 M [Ca 2+ ]i. These Ca 2+ ion concentrations are sufficient to activate either TMEM16A, the PM chloride channel [2] [3] [4] 6 , or TMEM16F, a lipid scramblase with non-selective ion channel activity 5, 28 . Both these proteins are homologues of TMEM16K
( Supplementary Fig. 1 (Fig. 1g ). Low scrambling rates in TMEM16K may be due to (i) a lack of residues equivalent to those involved in fast scrambling in the fungal homologues 8, 22, 32 ; (ii) sensitivity to membrane composition; (iii) the absence of posttranslational modifications or (iv) small molecules, proteins or lipid cofactors. Attempts to measure the ion channel activity with purified TMEM16K using either bulk flux assays with proteoliposomes 29,33 or single channel planar lipid bilayer measurements 34 , were inconclusive, raising the question of whether this homologue also has the dual channel and scramblase activity, seen in other TMEM16 scramblases [5] [6] [7] 28, 29 .
We have shown that TMEM16K is an ER resident scramblase, and is therefore capable of providing the background scramblase activity required for maintaining the even distribution of lipids on either side of the ER membrane.
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Crystal structure determination and overall architecture
To understand the structural basis of lipid scrambling in TMEM16K we solved its structure by X-ray crystallography. We obtained initial diffraction data from vapour diffusion (VD) crystals of full-length human TMEM16K, which we improved by lipidic cubic phase crystallisation to obtain 3.4 Å resolution data. Both structures were solved by molecular replacement (Methods section, Supplementary Table 1) . The structures were similar, although the crystal packing differs ( Supplementary Fig. 2a ,b,c), confirming that the conformation is not dictated by crystal contacts.
hTMEM16K is a symmetrical homodimer that adopts the classic TMEM16 butterfly fold 21, [24] [25] [26] where each monomer comprises an N-terminal cytoplasmic domain (NCD)
followed by a ten TM domain (TM1-TM10) and a C-terminal cytoplasmic α10 (Fig. 2a,b) .
The ER luminal surface of hTMEM16K is relatively compact, lacking the long, disulphidebonded loops seen in mTMEM16A (Fig. 2a,b, Supplementary Fig. 2e ). The N-terminal, cytoplasmic domain of hTMEM16K has a four-stranded β sheet (β1, β2, β3 and β8), with three helices on one side (α1, α3 and α4). These helices are covered by the β6-β7 hairpin insertion, which is unique to TMEM16K (Fig 2c,d ). This β6-β7 hairpin and the associated loops provide important interactions between the cytoplasmic domain and the β9-β10 hairpin on the TM domain ( Fig. 2d and Supplementary Fig. 3a) . The other surface of the β-sheet is tightly packed against α8, part of an α-helical hairpin formed by α7 and α8, extensions of TM6 and TM7
( Supplementary Fig. 3b ). This interaction links the position of the cytoplasmic domain to the TM helices. In the region between β3 and α3 the structures of hTMEM16K, mTMEM16A and nhTMEM16 differ significantly: hTMEM16K has a relatively short α3 and a β4-β5 hairpin that interacts directly with the C-terminal α10 A and α10 B helices ( Supplementary Figs. 3c,d ,e), linking the position of the cytoplasmic domain to the dimer interface helices.
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The TM domain of TMEM16K is C-terminal to the cytoplasmic domain and has ten TM α helices with TM3 to TM7 forming the lipid scramblase "groove" and TM6 to TM8
forming the binding site for two Ca 2+ ions, seen in other TMEM16s (Fig. 3a,b,c,d ). In hTMEM16K, as in other TMEM16 scramblases, the groove is lined by a series of charged and hydrogen bonding sidechains that could interact with lipid headgroups (Fig. 3b) .
We used molecular dynamics (MD) simulations to investigate how lipids traverse the TMEM16K groove. Coarse-grained (CG) MD simulations allowed us to sample the longer time scales necessary to investigate lipid scrambling events. nhTMEM16 is one of the few proteins to reveal lipid scrambling, within the >3500 membrane proteins in MemProtMD 23 .
CGMD simulations for hTMEM16K revealed lipid translocation events in both directions through the groove (Fig 4a,b,c,d ). We also observed lipid scrambling upon conversion of intermediate states from the CG simulations to an atomistic description (Fig 4d) , with lipids sampling the full translocation pathway. Taken together these results indicate that the TMEM16K groove serves as the lipid translocation pathway.
The C-terminal region of TMEM16K forms the dimer interface, consisting of TM10 in the membrane region and its domain-swapped, cytoplasmic extension, α10 (Fig. 3c , Supplementary Fig. 4a-f ). There is a large dimer interface cavity between TMs 3, 5, 9, 10 and TM10 B , which contains several MAG7.9 lipids in the LCP structure ( Supplementary Fig. 4e ).
In afTMEM16 we proposed that this cavity could play a role in deformation of the membrane 35 , it remains to be seen if it plays a similar role in TMEM16K. ions ( Supplementary Fig. 5a ,b), and is formed from the sidechains of a series of highly conserved residues (Fig. 3e, Supplementary Fig. 1 ) and mutation of these residues reduced Ca 2+ binding and stability in mTMEM16K 36 .
Surprisingly, our anomalous difference electron density maps revealed an additional Ca 2+ ion bound near the dimer interface between TM2, TM10 and α10, where TM10 emerges from the membrane (Fig. 3c,d ,f, Supplementary Fig. 5a ,c). This Ca 2+ ion interacts with the sidechains of Glu259 and Asp615 and the backbone carbonyls of Ala610 and Ile613, terminating the TM10 helix (Fig. 3e) . In one case of ataxia associated with compound heterozygous TMEM16K mutations, one TMEM16K allele has an Asp615Asn mutation 12 , which is likely to impair Ca 2+ -binding at the TM10-α10 site (Fig. 3f) , highlighting the importance of this site in TMEM16K function. Interestingly, inspection of the mTMEM16A electron density maps showed density at this location consistent with a Ca 2+ ion ( Supplementary Fig. 5d ,e), and sequence conservation suggests this feature may be common to mammalian, but not fungal, TMEM16s ( Supplementary Fig. 1 ). [24] [25] [26] (Fig. 5a , Supplementary Fig. 8a ). However, in the case of TMEM16K, these changes are accompanied by extensive changes that extend from the cytoplasmic to the ER side of the membrane, changes that were not observed in other TMEM16 structures. Although the Ca 2+ concentration is reduced from 100 mM to 500 nM between the X-ray and this cryo-EM structures, there is clear electron density for Ca 2+ ions at both the TM6-8 site and the TM10-α10 site (Supplementary (Fig. 5b ). The rest of the structure is divided into two parts that move separately. The first unit, consisting of the N-terminal cytoplasmic domain up to α6, and the α7-α8 helices (cytoplasmic extensions of TM6 and 7), rotates 8° relative to the scaffold structure ( Fig. 5d ). This causes the cytoplasmic domain to move down and away from the TM helices. The second unit, referred to here as the TM3-5 unit, consists of the β9-β10 hairpin,
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TM3, TM4 and TM5, as well as α10 B . This whole unit rotates by ~23° relative to the scaffold domain, bringing α10 and the β9-β10 hairpin toward the front of cytoplasmic domain. This allows TM3, TM4 and TM5 to move up and pivot, so that TM4 fills the top of the groove (Fig.   5c ,f,h). TM6 lies between the scaffold and the TM3-5 unit, and is divided into TM6a, which moves with the TM3-5 unit, and TM6b, which forms part of the two Ca 2+ -binding site and is associated with the scaffold domain ( Supplementary Fig. 8g ). TM6 therefore provides a flexible buffer between the scaffold and the TM3-5 unit, and has an ordered α7 extension which interacts with α8 and the cytoplasmic domain ( Supplementary Fig. 8c ). At the dimer interface, although the TM10 contacts are similar, the α10
A -α10 B contact in the cytoplasm is lost completely in the cryo-EM structure, so the overall dimer interface area decreases from 1760 Fig  . 4f -i). Interestingly, the TM3-5 unit forms one side of the hydrophobic dimer cavity which could provide space to accommodate these movements, potentially even allowing greater opening of the groove, as recently proposed 38 , to accommodate PEGylated lipids 39 .
In the nhTMEM16 open scramblase structure, the β9-β10 hairpin and α10 The closed scramblase groove has three distinct sections, a hydrophilic vestibule on the ER side of the membrane, a narrow neck and a cytoplasmic vestibule (Fig 5f,h ). The hydrophobic neck is lined with residues from TM4-7 (Tyr366, Ala367, Leu416, Ser415, Thr435, Leu436 and Tyr507), which together form a physical barrier to lipid movement ( Fig. 5f,h). Unsurprisingly, we did not observe lipid scrambling in CGMD simulations of TMEM16K in this closed-groove conformation ( Supplementary Fig. 8i ).
TMEM16K conformation in the absence of Ca 2+
To investigate how Ca 2+ binding regulates the TMEM16K conformation we determined the cryo-EM structure of TMEM16K in 10 mM EGTA to 5.3 Å resolution. This structure showed that the groove remains closed at the ER end as seen in the 500 nM Ca 2+ structure and revealed additional rearrangements around both Ca 2+ -binding sites. The TM6-8 two Ca 2+ -binding site expands, with TM6b and TM8 moving away from TM7, and the C-terminal end of the α7 TM6 extension becoming disordered ( Fig. 6a-d ). These movements recapitulate the changes seen in afTMEM16 35 . The TM10-α10 Ca 2+ binding site also changes, with TM9, α9
and TM10 moving down towards the cytoplasmic domain, and the TM1-loop-TM2 region moving away from TM10 and the dimer axis (Fig. 6d ). The two Ca 2+ -binding site is integral to the scaffold domain and forms one side of the groove, so it is not surprising that conformational changes associated with loss of Ca 2+ affect scramblase activity. However, TMEM16K retains basal scramblase activity even in the absence of Ca 2+ , suggesting that there is an additional, as
yet unknown, open-groove Ca 2+ -free scramblase conformation (Fig 7) .
Discussion
Our structures of TMEM16K have allowed us to explore the extensive conformational changes throughout the structure that occur when the lipid scramblase groove opens and closes (Fig 7) . These changes are propagated from cytoplasmic to the ER face of the membrane through movements of two rigid bodies, one involving the α10 B , β9-β10 hairpin and the TM3-TM5 unit and the other involving the cytoplasmic domain and the α7-α8 helices. The first unit rotates and moves up so that TM3-TM4 blocks the groove, while the second unit moves down 19, 20 . Our work establishes its role as an ER scramblase, suggesting that the relationship between these cellular functions and lipid distributions warrants investigation.
14 These results provide a structural framework to understand how compound heterozygous missense mutations found in patients with SCAR10 ataxia could affect TMEM16K function. One mutation, Asp615Asn 12 , lies in the novel TM10-α10 Ca 2+ -binding site (Fig. 3g) , where it forms one of the Ca2+ ion ligands and an ionic bond with Lys262, linking TM2 to the connection between TM10 and α10. There are also four missense mutations which introduce residues with very different sized side chains into key positions between α helices, likely disrupting helix packing (Gly229Trp 13 , Leu510Arg 11 ) (Fig. 8d,c) or interfering with conformational changes (Phe171Ser 13 , Phe337Val 13 ) (Fig. 8d,e) . The observation that TMEM16K truncations and missense variants lead to SCAR10 and our observation that TMEM16K is an ER scramblase, suggest that the underlying cause of this ataxia could be associated with incorrect lipid distributions in ER and other membranes. This hypothesis provides a new direction for research into the underlying biology of these ataxias and the development of novel therapies.
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Methods
Cell culture and transfection for chloride channel electrophysiology TMEM16A (Genbank NM_178642), TMEM16F (NM_175344) and TMEM16K
(NM_018075) subcloned into the pcDNA3.1 vector were used in this study. HEK-293T cells were cultured as previously described 43 and transfected with 0.6μg of TMEM16A, TMEM16F
or TMEM16K and 0.2μg of CD8 construct using Fugene HD (Promega, UK) according to the manufacturer's instructions. Cells were used ~12-24 hours after transfection. Transfected cells were visualized using the anti-CD8 antibody-coated beads method 43 . Mock transfected cells refer to cells treated with transfection reagent only.
Electrophysiology
TMEM16s currents were measured with the whole-cell configuration of the patchclamp technique using an Axon 200B amplifier (Molecular Devices, USA) controlled with GEpulse software (http://users.ge.ibf.cnr.it/pusch/programs-mik.htm). Currents were low-pass filtered at 2 kHz and sampled at 10 kHz. Pipettes were prepared from borosilicate glass capillary tubes (Harvard Apparatus, USA) using a PC-10 pipette puller (Narishige, Japan).
Pipette tip diameter yielded a resistance of ~2-3 MΩ in the working solutions. The bath was grounded through a 3 M KCl agar bridge connected to a Ag-AgCl reference electrode.
Experiments were conducted at 20-22 C. The cell capacitance was assessed by measuring the area beneath a capacitive transient elicited by a 10 mV step or via the cell capacity compensation circuit of the amplifier. Current density was obtained by dividing the current amplitude for the cell capacitance.
The extracellular solution contained: 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM D-mannitol and 10 mM HEPES; pH was adjusted to 7. 
Membrane and ER staining
Staining of membrane compartments was performed on HEK-293T cells plated on 25 A supplemented with 0.12% digitonin (GE Lifesciences). The afTMEM16 protein peak was collected and concentrated using a 50 kDa molecular weight cut off concentrator (Amicon Ultra, Millipore).
Liposome reconstitution and lipid scrambling assay
Liposomes were prepared as described 29 from a 7:3 mixture of 1-palmitoyl-2-oleoylglycero-3-phosphocholine (POPC) 1-palmitoyl-2-oleoyl-glycero-3-phosphoglycerol (POPG). 
Lipids in chloroform (
Quantification of scrambling activity
Quantification of the scrambling rate constants of TMEM16K and afTMEM16 were determined as recently described 33 , with the additional assumption that the forward and reverse rate constants for scrambling are the same. Briefly, the fluorescence time course was fit to the following equation
Where Ftot(t) is the total fluorescence at time t, Li PF is the fraction of NBD-labelled lipids in the . 10 -5 s -1 (n>160) 32 . For TMEM16K, the leak is >2 orders of magnitude smaller than the rate constant of protein-mediated scrambling and therefore was considered negligible. All conditions were tested side by side with a control preparation of afTMEM16 in standard conditions. For scramblase assays, rate constant values reported are the average of 9 individual fluorescence traces from three independent reconstitutions of TMEM16K and afTMEM16.
Statistical analyses
Crystallisation and Data Collection
Purified TMEM16K was concentrated to 10-30 mg/ml using a Vivaspin 20 centrifugal concentrator with a 100 kDa molecular weight cut-off. Protein concentration was measured via A280 using a Nanodrop spectrophotometer. TMEM16K was crystallised using both sitting 
Structural Model Building and Refinement
The initial dataset collected on the LCP derived crystals was phased by molecular replacement using PHASER 47 with the nhTMEM16 structure (PDB: 4WIS) as an initial search model. Phase improvement was performed using phenix.mr.rosetta 48 . The final model was built using COOT 49 and refined using BUSTER 50 using all data to 3.2Å with appropriate NCS restraints. The final LCP model was subsequently used as a starting model for molecular replacement to solve the structure of detergent-solubilised TMEM16K using an anisotropic dataset collected from a crystal grown using sitting-drop vapour diffusion methods. The anisotropic nature of the VD dataset prevented it being solved using nhTMEM16 (the only high resolution structure at the time) as a molecular replacement search model. Processing of the VD dataset was similar to that for the LCP crystals, with additional anisotropy correction performed using STARANISO 51 . The model geometry of the VD dataset was improved by using LSSR target restraints to the LCP structure during BUSTER refinement in addition to TLS and NCS restraints (Supplementary Table 1 ).
The final LCP model encompasses residues Ser14 to Gln639. Several loops were poorly order and not modelled; residues 57-67 and part of the α7-α8 loop (residues 472-474) were disordered in chain A. The loops connecting either α5 and α6 or TM3-TM4 were poorly defined in both chains of the dimer and have also not been modelled. The final model also includes three Ca 2+ ions per monomer along with an additional Ca 2+ at the N-terminal end of TM10 on the dimer axis. The presence of Ca 2+ ions at these sites was indicated by peaks in both anomalous difference and PHASER log-likelihood gradient (LLG) maps calculated using a 3.4
Å dataset with high multiplicity collected at a wavelength of 1.65 Å. Two Ca 2+ ions in each dimer lie at the canonical two Ca 2+ ion binding site and a third lies at the junction of TM10 and α10. All of these ions have bonds that are less than 2.5 Å to sidechains, suggesting the ions are not hydrated. The fourth Ca 2+ ion identified in the anomalous difference maps lies on the dimer 23 2-fold axis, binding to the backbone of the ER loop between TM9 and 10. The > 4 Å interaction distances suggest that this ion is hydrated and is likely to be the result of the high (100 mM)
[Ca 2+ ] used in the crystallisation conditions ( Supplementary Fig. 5h ). In addition, elongated density within the dimer interface were interpreted as MAG7.9 lipids.
Cryo-EM grid preparation
3 l aliquots of TMEM16K protein purified in UDM at a concentration of 5mg/ml were applied to glow-discharged holey carbon grids (Quantifoil R 1.2/1.3 Cu 300 mesh). Grids were blotted at 80-100% humidity for 3-5 s at 5 C and plunge-frozen in liquid ethane using a Vitrobot Mark IV, (FEI). Ca 2+ -free TMEM16K grids were prepared in an identical manner using protein solution supplemented with 10 mM EGTA.
Cryo-EM data collection
Grid optimization and preliminary data set collection was performed using the Tecnai 
Cryo-EM data processing and model building
All initial processing was carried out in RELION 2.0 52 . Frames in each movie stack were aligned and dose-weighted with MotionCor2 53 . CTF parameters were estimated using CTFFIND 4.0 54 . Dose weighted stacks were subjected to semi-automatic particle picking using Gautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). Particles were picked from a subset of micrographs and 2D classified to produce class averages. The resultant representative class averages were then used as templates in Gautomatch for autopicking the full image set. Particles were subjected to multiple (5-6) rounds of reference-free 2D
classification. An initial model was generated ab initio in RELION and used as a reference of 3D classification with no symmetry imposed. Particles belonging to the best / highest resolution class(es) were pooled and taken forward into a second round of 3D classification with C2
symmetry. Finally, particles from the highest resolution class were used for auto-refinement. Model building was carried out manually using the 3.4 Å TMEM16K LCP crystal structure (PDB: 5OC9) as a template. Briefly, chain A of the crystal structure was roughly fitted into the 4.5 Å resolution 500 nM Ca 2+ post-processed cryo-EM map in UCSF Chimera 56 .
Subsequent model building was carried out in COOT 57 . The cytoplasmic domain was rotated into density and then appropriate sub-regions were fit to the density as rigid bodies. TM helices were fitted as rigid units or segmented where appropriate. The C-terminal α10 helix was rotated manually into position and sidechains were fitted using preferred rotamers. The remodelled 25 chain A was superposed onto chain B and globally fitted to the cryo-EM density to create the symmetric dimer. Refinement was carried out at 4.5 Å resolution against the post-processed RELION map (low pass filtered to 4.4 Å and sharpened with a B-factor of -260 Å 2 ) using phenix.real_space_refine using default restraints along with secondary structure restraints.
Missing loop regions, not modelled in the crystal structure, were added and the calcium coordination was defined using phenix.metal-coordination. The final model encompasses all residues from 14-462 and three Ca 2+ ions per monomer (Supplementary Table 2 ).
The 500 nM Ca 2+ model was used as a starting point for fitting to the Ca 2+ -free reconstruction. The model was initially docked into the map using Chimera and then refined using phenix.real_space_refine with global minimisation and morphing using default restraints/constraints and additional secondary structure restraints. A cryo-EM map, low pass Table 2 ).
Structural alignments and analysis
Superposition of the LCP and 500 nM Ca 2+ cryo-EM structures was carried out in PyMol using a subset of residues corresponding to the TM helices that maintain their relative orientation within each dimer (as measured by interhelical angles). Mainchain atoms for For DYNDOM torsional analysis, which compared the LCP X-ray and cryo-EM monomer structures, a composite set of coordinates was used in which the α10 helix was exchanged between chains (i.e. residues 14-609 from chain A and 611-639 from chain B).
Electrostatic potential surfaces were calculated using the PDB2PQR server and PyMol with the APBS_2.1 plugin. Structural figures were generated using PyMol or UCSF Chimera..
Molecular dynamics simulations
The atomic coordinates of TMEM16K were converted to their CG representation 58, 59 , and built into membranes following the MemProtMD pipeline 23 . Membranes were built using a mixture of 65% POPE, 32% POPC and 3% POPS.
Atomistic simulations were run following conversion of 100 ns Martini simulation snapshots in a POPC bilayer, using the CG2AT protocol 60 . The Charmm36 forcefield 61 was used to describe the system. Electrostatics were handled using the Particle-Mesh-Ewald method, and a force-switch modifier was applied to the Van der Waals forces. Dispersion corrections were turned off. Simulations were run for 100 ns using 2 fs time steps with Velocity-rescaling temperature coupling at 325 K using a time constant of 0.1 ps and
Parrinello-Rahman semi-isotropic pressure coupling of 1 Bar with a time constant of 2 ps, before extension to 1,100 ns using 4 fs time steps with virtual-sites on the protein and lipids 62 
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Extended simulation were run on the UK HPC facility ARCHER, using time awarded by HECBioSim.
All simulations were run in Gromacs 5.1.2. 63 . Images of proteins were made in PyMOL 64 or VMD 65 . Graphs were plotted using Python and Matplotlib.
Data availability
X-ray crystallography data and structure are deposited in the Protein Data Bank (PDB) with the accession code 5OC9 for the LCP structure. The VD structure data will be deposited. The cryo-EM density map and the atomic coordinates will be deposited in the Electron Microscopy 
